Tannic acid, being polyhydroxyl, is a macromolecule natural organic matter. The efficiency and mechanism of degradation of tannic acid by O 3 and O 3 /H 2 O 2 was studied. The results showed that the addition of H 2 O 2 had no obvious improvement on the ozonation efficiency of tannin. It was observed that the addition of H 2 O 2 decreased the removal efficiency of TOC by 10%. The relative intensity of zOH generated in the O 3 -H 2 O 2 system was detected by electronic spin resonance (ESR) and it was found that tannin consumed the zOH radicals, which may be associated with the polyhydroxyl structure of tannin. Derived with PFBBr and analysed by GC-ECD, the by-products of tannin ozonation were found to be aldehydes such as acetaldehyde, glyoxal and methyl glyoxal. Analysis with an ion chromatogram showed that the final products of tannin were oxalic acid, ketomalonic acid and oxalic acid, which consisted of 35% of TOC in both systems.
INTRODUCTION
Tannic acid (TA) in aqueous solution is an object of interest because it is a common and important component of polluted water. It was produced in waste water tanneries, wood industries, printing, dyeing and ink, and was used in many medical supplies and food auxiliary agent. Swamps and forest wastes usually contain tannic acid, some of which are plant secretions. Thus, TA can be found in waste waters from cellulose-paper, tannery, chemical, dye, textolite or pharmaceutics industries (Ma et al. 2003; Perkowski et al. 2003) . TA can decrease the pH of water and the colour of TA solution ranges from yellow to dark brown, depending on its concentration. TA appears to be very toxic even in Compared to NOM, TA has simpler structure and properties, so the research with TA could be carried out purposefully.
The study of NOM could be replaced by TA because the molecular mass of TA is close to that of NOM in surface water. Furthermore, glucose ring and gallic acid are two main functional groups of both TA and NOM in surface water.
TA also has similar properties to NOM with regard to absorption, chroma and complexation (Summers et al. 1989; Bruchet et al. 1990) . Ozonation has been proven to be a promising method for the elimination of toxic and bio-resistant organic and inorganic compounds (Barbara et al. 2003; von Gunten 2003a,b) . Nowadays, many organic substances have been investigated, but most researches are concerned with the decomposition rate of the pollution substance. In order to ensure the safety of the drinking water, doi: 10.2166/wst.2008.609 every country has strict regulations on the quality of drinking water. Sometimes, to meet these regulations, advanced oxidation processes are necessary for the pretreatment of raw water or advanced treatment. This article mainly focuses on the removal efficiency of TA and the generation of disinfection by-products in the O 3 /H 2 O 2 system. It also discusses the influence of TA on the decomposition rate of ozone and the relative generation intensity or sudden extinction of zOH in the system of O 3 /H 2 O 2 .
METHODS
TA (purity 99%) was purchased from China Zunxi Reagent Co. p-Chlorobenzoic acid ( pCBA, purity 99.5%), 5-Dimethyl-1-pyrroline-N-oxide(DMPO, purity 99.5%), mix standard of aldehyde was purchased from J&K Chemical Ltd. All reagents were used without further purification. Water used for sample preparation was purified with a Millipore Milli-Q system($ 18.2 MV.cm).
Ozonised experiments were performed in a 1,000 mL bench-scale globose glass reactor. Ozone was produced from a corona ozone generator (DHX-IIB model, Harbin Jiujiu ECE&T Co.). The detailed procedures of the experiment were clearly described in previous work (Shen et al. 2006; Shen 2007) . The concentration of ozone in the gas phase and in aqueous solution was determined with the iodimetry method and the indigo method (Bader & Hoigné 1981) .
The study on the decomposition and consumption of aqueous ozone was carried out with STOP-FLOW (Shen 2007) . The R ct :R ct (Elovitz & von Gunten 1999 , 2000 was defined as the concentration rate of zOH to O 3 (CT zOH / CT O3 ). pCBA was used as a probe substance to measure the generating efficiency of zOH in system. The concentration of pCBA was measured by HPLC. 
RESULTS AND DISCUSSION
The ozonation of TA The ozonation process of TA could be seen from the UV190 -350 nm scanning, TA has two maximum absorption peaks at UV 213 and UV 276 nm. UV 213 nm may be an absorption of -COOH, while UV 276 nm is a typical result of aromaticring big-p-bond resonance, Einstein shift under the influence of hydroxyl. From the structure, it is concluded that TA is mainly formed by a polyphenol benzene ring, which reacts promptly and directly with ozone. From the residual TOC in the ozonation system, TA can not be easily mineralised in a short time, these organics are Figure 3a) , and the TOC of the whole system is 1.51 mg/L.
The contribution rate of oxalic acid to the final TOC is 39%.
When H 2 O 2 was added, after 10 min, the concentration of oxalic acid was 1.18 mg/L and ketomalonic acid was 0.12 mg/L, they were totalised to 0.35 mg/L TOC (see Figure 3a) , and the TOC of the whole system is 1.35 mg/L. The contribution rate of oxalic acid to the final TOC is 26%. Obviously, it is extremely difficult to remove or totally mineralise oxalic acid and ketomalonic acid in either solo ozonation or catalysed ozonation. Either ozone or zOH, produced by ozone decomposition, reacts slowly with the two kinds of acids. Figure 4b indicates that in the first 800 ms ozone quickly decomposed if TA is added.
Suppose that probe compound of zOH only reacts with zOH but not with other secondary oxidants, the decrease of probe compound indirectly indicates the concentration of zOH. The reaction rate of pCBA with O 3 is extremely low (k O3/pCBA # 0.15 L/(mol·s) (Yao & Haag 1991) , with a reaction rate constant of k zOH-pCBA ¼ 5 £ 10 9 L/(mol·s).
In the AOP system, the reaction of pCBA can be described by the following equation (Elovitz & Gunten 1999) :
Equation (1) can be changed into:
Ð ½zOH dt stands for the time-integral of zOH concentration during some period of reaction time in a process.
Also, it is synonymous with the zOH-exposure or the CT zOH .
Equation (2) indicates the decrease of pCBA concentration at the reaction time t, which also indirectly indicates the consumption of zOH in the system.
Ð ½O 3 dt stands for the O 3 exposure (CT O3 ) during some period of reaction time. Equation (3) was inserted into (2):
A plot was established with ln[ pCBA] 0 /[ pCBA] to Ð ½O 3 dt, the slope is k ·OH2pCBA R ct , then R ct is calculated.
pCBA is quantified by HPLC. The concentration of O 3 can be calculated via Figure 5a . Figure 5b shows that in solo ozonation, R ct ¼ 6.11 £ 10 27 , when H 2 O 2 was added, R ct ¼ 6.02 £ 10 26 , after TA was added, R ct ¼ 1.72 £ 10 26 .
Here, R ct here seems slightly larger than that in other papers (Elovitz & Gunten 1999) . Pi et al. (2005) have found that pCBA can accelerate the decomposition of ozone, H 2 O 2 produced in the reaction can decompose ozone in the liquid phase more deeply, thus the production rate of zOH can be raised. When the pCBA capture rate is larger than 5%, it is not ideal to treat pCBA as a probe compound. However, more researchers think pCBA is an excellent probe matter. An important index to evaluate AOP efficiency is the removal capacity of the target substance by zOH (Rosenfeldt et al. 2006) . zOH scavengers S can have a competitive reaction with zOH. The percentage of zOH reacting with target is presented in the following equation:
Total zOH-exposure (mol·s):
The above equations and Figure 6 illustrate that the 
